Lymphangiogenesis plays a crucial role during development, in cancer metastasis and in inflammation. Activation of VEGFR-3 (also known as FLT4) by VEGF-C is one of the main drivers of lymphangiogenesis, but the transcriptional events downstream of VEGFR-3 activation are largely unknown. Recently, we identified a wave of immediate early transcription factors that are upregulated in human lymphatic endothelial cells (LECs) within the first 30 to 80 min after VEGFR-3 activation. Expression of these transcription factors must be regulated by additional pre-existing transcription factors that are rapidly activated by VEGFR-3 signaling. Using transcription factor activity analysis, we identified the homeobox transcription factor HOXD10 to be specifically activated at early time points after VEGFR-3 stimulation, and to regulate expression of immediate early transcription factors, including NR4A1. Gain-and loss-offunction studies revealed that HOXD10 is involved in LECs migration and formation of cord-like structures. Furthermore, HOXD10 regulates expression of VE-cadherin, claudin-5 and NOS3 (also known as e-NOS), and promotes lymphatic endothelial permeability. Taken together, these results reveal an important and unanticipated role of HOXD10 in the regulation of VEGFR-3 signaling in lymphatic endothelial cells, and in the control of lymphangiogenesis and permeability.
INTRODUCTION
The lymphatic system serves to maintain tissue fluid homeostasis, to mediate immune cell trafficking to lymph nodes and to take up dietary fats (Hirakawa et al., 2014) . Lymphatic vessels also facilitate the metastatic spread of tumor cells, which is the major cause of cancer-related deaths . Induction of lymphatic vessel growth (lymphangiogenesis) is commonly observed in and around tumors, which contributes to tumor dissemination (Mandriota et al., 2001; Skobe et al., 2001 ). Lymphangiogenesis has also been observed in the draining lymph node and correlates with metastatic spread (Hirakawa et al., 2007 (Hirakawa et al., , 2005 . One of the most prominent inducers of lymphangiogenesis is vascular endothelial growth factor-C (VEGF-C). VEGF-C induces lymphatic vessel sprouting and enlargement , and specific blockage of the VEGF-C signaling pathway has been reported to inhibit cancer metastasis to lymph nodes in mice (Burton et al., 2008; He et al., 2002; Roberts et al., 2006; Yang et al., 2011) . VEGF-C is also involved in the dynamic response of lymphatic vessels to inflammation. The lymphatic network is known to expand in various inflammatory conditions, both in mice and in humans, for example in chronic skin inflammation Kunstfeld et al., 2004) . Of note, activation of lymphatic vessels by VEGF-C decreases inflammation, at least in part, by increasing the drainage function of lymphatic vessels (Huggenberger et al., , 2010 Zhou et al., 2011) . Taken together, these studies indicate that modulating lymphangiogenesis by application or inhibition of VEGF-C represents a new strategy to treat a variety of pathologic conditions such as cancer and inflammatory diseases.
The main pathway regulating lymphangiogenesis is VEGF-C signaling through its receptor VEGFR-3 (also known as FLT4) on lymphatic endothelial cells (LECs). VEGF-C-knockout mice fail to develop a lymphatic system and are not viable (Karkkainen et al., 2004) . Similarly, VEGFR-3-knockout mice die early during embryonic development as they fail to develop a cardiovascular system (Dumont, 1998) . Fully mature VEGF-C has affinity for VEGFR-2 (also known as KDR) (Joukov et al., 1997) , which is expressed by LECs, but also by blood vessel endothelial cells (BECs). A mutated version of VEGF-C, VEGF-C156S, in which cysteine 156 is replaced by a serine residue, specifically activates VEGFR-3 but not VEGFR-2 (Joukov et al., 1998) . Specific activation of VEGFR-3 by VEGF-C156S is sufficient to induce lymphangiogenesis, as demonstrated in K14-VEGF-C156S mice . Upon stimulation, the receptor is phosphorylated at several intracellular tyrosine residues. Phosphorylation of these sites recruits several adaptor molecules, such as CRKI and CRKII, SHC proteins and GRB2, which in turn activate downstream mediators including JNK, ERK, phosphoinositide 3-kinase (PI3K) and AKT (also known as PKB) ultimately leading to proliferation and migration of LECs (Koch et al., 2011; Mäkinen et al., 2001) . However, the effects of this signaling cascade on the transcriptional level are only poorly understood.
In a previous study, we investigated the transcriptional changes in LECs mediated by VEGF-C156S-induced VEGFR-3 activation in detail, with a focus on transcription factors involved in this pathway (Dieterich et al., 2015) . By treating LECs with VEGF-C156S and analyzing subsequent changes in gene expression, we identified several 'immediate early' transcription factors that showed a rapid transient upregulation at the mRNA level after VEGFR-3 stimulation. This first wave of transcription factor induction must be mediated by yet another set of pre-existing 'front line' transcription factors that are directly activated by VEGFR-3 signaling at the protein level, independently of transcriptional induction. Here, we identified HOXD10 to be such a front line transcription factor in LECs. Whereas HOXD10 itself is not transcriptionally induced by VEGFR-3 signaling, it is rapidly activated, and is required for induction of the immediate early transcription factor NR4A1. Furthermore, we found that HOXD10 is involved in various key processes in LECs, including migration, tube formation and permeability.
RESULTS

HOXD10 is an early mediator of the VEGR3-induced transcriptional response in LECs
Previously, using cap analysis of gene expression (CAGE) RNA sequencing (Kanamori-Katayama et al., 2011; Shiraki et al., 2003) , we found upregulation of several immediate early transcription factors, including FOSB, and NR4A1, in LECs stimulated with VEGF-C156S over a time period from 0 h to 8 h (Dieterich et al., 2015) . In order to identify transcription factors that might regulate this first wave of transcription factor induction, we used the same data set and screened specifically for transcription factors activated immediately downstream of VEGFR-3 signaling without induction of de novo gene expression. Using the oPOSSUM3 tool (Kwon et al., 2012) , we identified eight transcription factors (HOXD10, EGR1, NKX3-1, ELK1, E2F1, FOXD1, NKX2-5, SRY) whose transcription-factor-binding sites (TFBS) were significantly overrepresented in the core promoters (1500 bases upstream to 500 bases downstream of the transcription start sites, Fig. 1A ) of differentially expressed transcripts at the earliest time point (15 min) of stimulation ( Fig. 1B ; Table S1 ). The frequency of promoters with at least one TFBS for HOXD10, EGR1, NKX3-1, E2F1, or ELK1 was significantly enriched at this time point ( Fig. 1B ; Table S1 ), suggesting that the corresponding transcription factors could be active. As most of those transcription factors were either not expressed in LECs (NKX3-1), belong to the previously defined group of immediate early transcription factors induced by VEGF-C156S (EGR1) (Dieterich et al., 2015) or have otherwise wellknown, broad functions in various cell types (E2F1 and ELK1), we decided to focus on HOXD10, a transcription factor not previously associated with lymphatic endothelial biology, and to investigate its role in LECs in greater detail. According to the oPOSSUM3 analysis, HOXD10 also showed activity at 30 min, 80 min, 300 min and 360 min after stimulation, indicating that this factor could represent an important, and hitherto unknown, regulator of lymphatic function in response to VEGF-C ( Fig. 1C-F ; Table S1 ).
HOXD10 is consistently expressed by LECs and is controlled by the lymphatic transcription factor PROX1
Based on CAGE RNA sequencing, the expression of HOXD10 was not induced over a period of 8 h after VEGF-C156S stimulation (Dieterich et al., 2015) . To confirm this data, we performed both quantitative real-time PCR (qPCR) and western blotting. As predicted, we found no induction, but rather a slight decrease of the HOXD10 transcript at ∼80-120 min after stimulation, with no major changes in protein expression levels ( Fig. 2A,B; Fig. S1A,B) . Next, we compared the expression of HOXD10 in LECs with that in closely related blood vascular endothelial cells (BECs) derived from the same donor. HOXD10 mRNA expression in cultured human LECs was about sixfold higher than in BECs, which was also reflected at the protein level (Fig. 2C,D) . In line with this, we also found a significantly higher expression of HOXD10 in LECs than in BECs that were freshly isolated from mouse ears by FACS sorting (Fig. 2E,F) . Thus, HOXD10 might exert specific functions in LECs. Interestingly, small interfering RNA (siRNA)-mediated knockdown of the master regulator of lymphatic identity, prospero-related homeobox 1 (PROX1), led to a more than twofold reduction of HOXD10 expression (Fig. 2G) , indicating that the selective expression of HOXD10 in LECs is mediated by PROX1.
HOXD10 regulates expression of FOSB and NR4A1
To investigate the role of HOXD10 during VEGFR-3 signaling in LECs, we used adenoviral vectors to deplete or overexpress HOXD10 (Ad-shHOXD10 and Ad-HOXD10, respectively). Nontargeting short hairpin RNA (shRNA) or GFP expression vectors served as controls (Ad-NT and Ad-GFP, respectively). Transduction of LECs with Ad-HOXD10 resulted in efficient overexpression of HOXD10 (Fig. 3A ,B) at 24 h, 48 h and 72 h after viral infection. Downregulation of HOXD10 mRNA after adenoviral delivery of specific shRNA was between 50-70%, depending on the timepoint (24 h, 48 h and 72 h) (Fig. 3C ). However, a reduction in the protein level of HOXD10 was only detectable if Ad-shHOXD10 infected cells were treated with VEGF-C156S for 24 h, but not under resting conditions (Fig. 3D ). This suggests that the HOXD10 protein is very stable in unstimulated LECs, but is activated and subsequently degraded after activation of the VEGFR-3 pathway. Next, we selected two immediate early transcription factors (Dieterich et al., 2015) with a predicted HOXD10-binding site in their core promoter as identified by oPOSSUM3, namely FOSB and NR4A1 (Table S2) , and analyzed their expression in LECs infected with Ad-HOXD10 or Ad-shHOXD10 for 24 h, 48 h and 72 h. As expected, both TFs were strongly upregulated upon HOXD10 overexpression in comparison to control cells (Fig. 3E,F) , whereas no major changes in the expression of these genes were detected after depletion of HOXD10 in unstimulated LECs.
HOXD10 is necessary for the induction of NR4A1 downstream of VEGFR-3 signaling As FOSB and NR4A1 are induced upon activation of the VEGFR-3 pathway, we wondered whether HOXD10 is involved in the gene regulation of these genes upon VEGF-C156S stimulation. Therefore, we stimulated HOXD10-depleted LECs with VEGF-C156S for either 1 h, a time point at which the mRNA of FOSB and NR4A1 are upregulated, or 2 h, when the expression has returned to baseline (Fig. 3G) (Dieterich et al., 2015) . In control cells (Ad-NT), expression of FOSB and NR4A1 was significantly increased (on average fivefold and 25-fold, respectively) after 1 h stimulation with VEGF-C156S, and returned towards the baseline at the 2 h timepoint, as expected (Fig. 3H,I ). In Ad-shHOXD10-transduced cells, induction of FOSB was comparable to that in control cells (threefold after 1 h stimulation, Fig. 3H ). In contrast, NR4A1 mRNA upregulation was significantly reduced in cells depleted of HOXD10 (only sevenfold upregulation compared to 25-fold in control cells) after 1 h VEGF-C156S stimulation (Fig. 3I) . These results clearly show that HOXD10 is necessary for the VEGF-C156S-mediated upregulation of NR4A1, whereas it is dispensable for the induction of FOSB. No further induction of FOSB nor NR4A1 by VEGF-C156S could be observed in HOXD10-overexpressing cells (data not shown).
HOXD10 regulates LEC migration and formation of cord-like structures
In order to investigate whether HOXD10 expression might be relevant for lymphangiogenesis, we analyzed its role in important functional processes in LECs, namely proliferation, migration and formation of cord-like structures. Treatment with VEGF-A, wildtype (wt) VEGF-C or VEGF-C156S resulted in comparably increased LEC proliferation in vitro as assessed by 4-methylumbelliferyl heptanoate (MUH) fluorescence (Fig. 4A,B) . Interestingly, the response towards wt VEGF-C and VEGF-C156S, but not towards VEGF-A, was slightly increased in LECs depleted of HOXD10 (Fig. 4A ). In contrast, HOXD10 overexpression resulted in consistently decreased growth-factor-induced proliferation ( Fig. 4B ), which correlated with a trend towards a lower ratio of living to dead cells (Fig. S2A,B) .
Knockdown of HOXD10 resulted in a trend towards reduced haptotactic LEC migration in a modified Boyden chamber assay, which, however, did not reach statistical significance (Fig. 4C,D) . By contrast, migration of HOXD10 overexpressing cells almost doubled in this assay (Fig. 4C,E ). Next, we tested whether HOXD10 expression would affect the ability of LECs to form cord-like structures in the presence of a collagen gel. Strikingly, after HOXD10 knockdown, we consistently observed that LECs continued to grow as a monolayer, showing virtually no formation of endothelial cords at all ( Fig. 4F-H ). HOXD10 overexpression had no major effects on cord-like structure formation (Fig. 4F,I ,J). However, we did observe increased numbers of single, rounded cells after HOXD10 overexpression, which might be due to the negative effect of HOXD10 on cell viability, which we observed previously (Fig. 4F ). Taken together, these data suggest that HOXD10 is a negative regulator of LEC proliferation and stimulates migration and tube formation.
HOXD10 regulates LEC permeability
Another important aspect of the VEGF-C response in LECs is the regulation of permeability. Previous reports have demonstrated that . Upon treatment with VEGF-C156S (1.5 µg/ml) for 24 h, the HOXD10 protein was substantially lower in Ad-shHOXD10-infected cells than in Ad-NT control cells (right panel). (E,F) qPCR analyses showing upregulation of FOSB (E) and NR4A1 (F) in LECs after adenovirus infection. No significant changes of FOSB and NR4A1 were detected after HOXD10 depletion, whereas HOXD10 overexpression resulted in marked upregulation. (G) Schematic overview of the experimental procedure to assess HOXD10-dependent VEGF-C156S-mediated target gene upregulation. LECs were transduced with control virus (Ad-NT) or shHOXD10 (Ad-shHOXD10), starved overnight and treated with VEGF-C156S (1.5 µg/ml) for 60 min or 120 min. RNA was isolated and the transcripts of HOXD10 target genes FOSB and NR4A1 were analyzed by qPCR. Expression of FOSB (H) and NR4A1 (I) after 60 min and 120 min of VEGF-C156S stimulation is shown. NR4A1 upregulation after VEGF-C156S stimulation was significantly reduced in Ad-shHOXD10 cells (I). Bars represent mean±s.d. ( pooled data from three independent experiments). *P<0.05; **P<0.01; ***P<0.001; n.s., not significant (Student's t-test).
VEGF-C induces lymphatic permeability both in vitro and in vivo, and facilitates cancer dissemination through the lymphatic system (Breslin et al., 2007; Tacconi et al., 2015) . We therefore decided to investigate the role of HOXD10 in lymphatic permeability using two established in vitro methods, transwell LEC permeability for a macromolecular fluorescent tracer (70-kDa FITC-dextran) and transendothelial electric resistance. Of note, HOXD10 depletion strongly reduced the permeability of LEC monolayers towards 70-kDa FITC-dextran, whereas HOXD10 overexpression had the opposite effect (Fig. 5A,B) . This effect was also partly reflected by the electric resistance of LEC monolayers. Independently of HOXD10 expression, LECs showed increasing electric resistance during the first 1-2 h after seeding as the monolayers formed (Fig. 5C,D) . Whereas HOXD10 knockdown had no significant effects on the resistance over the entire observation period, overexpression resulted in reduced electric resistance after monolayer formation, indicating a loosening of endothelial junctions (Fig. 5C,D) . These data suggest that HOXD10 regulates VEGF-C-induced permeability changes in LECs.
Identification of HOXD10 target genes in LECs
In order to shed light upon the mechanisms behind the functional effects of HOXD10 on LECs in vitro, we performed CAGE RNA sequencing 24 h after infection of LECs with Ad-HOXD10 or AdshHOXD10. The efficiency of overexpression and knockdown was validated separately by qPCR in those samples (Fig. S3A,B) . In HOXD10-overexpressing LECs, we identified differentially expressed transcripts [false discovery rate (FDR)<0.05, log 2 fold change>1], corresponding to 1599 transcriptional start sites (TSS), 1046 of which were upregulated and 553 were downregulated ( Fig. 6A ; Table S3 ). Gene ontology analysis indicated that the upregulated transcripts upon HOXD10 overexpression were significantly enriched for genes involved in nuclear factor κB (NFκB) signaling and in (negative) regulation of cell death and apoptosis, respectively (Fig. 6B ). Of note, the genes associated with negative apoptosis regulation (according to the gene ontology annotation) again included several genes related to the NFκB pathway (e.g. NFKB1, IL1B and FAS) ( Table S4 ). The NFκB pathway in general, and proteins such as FAS in particular, are, however, known to exert both pro-and anti-apoptotic activity, depending on the context (Brint et al., 2013) . Thus, upregulation of these genes might also lead to an induction of apoptosis. Genes downregulated by HOXD10 were frequently associated with cell migration and blood vessel development (Fig. 6C) . Thus, the global effects of HOXD10 overexpression in gene regulation are well in line with the phenotypic effects observed in proliferation, migration and tube formation described above.
By contrast, depletion of HOXD10 in resting LECs only led to minimal changes in gene expression ( Fig. 6A; Table S3 ), which is not surprising given the stability of HOXD10 in unstimulated cells (Fig. 3D) . Of note, among the transcripts affected by HOXD10 overexpression, we found several corresponding to genes with wellknown functions in the regulation of (lymph-) angiogenesis and endothelial permeability, such as NOS3, IL7, VEGFC, NRP2, ENG, ROBO4, PTPRB, TEK, CDH5, CLDN5, ROBO4 and DLL4 (Fig. 6D ).
HOXD10 inhibits expression of CDH5, CLDN5, TEK and DLL4, whereas it increases expression of NOS3
In order to validate and extend the data obtained by CAGE RNA sequencing, we analyzed expression of selected genes involved in permeability and lymphangiogenesis (CDH5, CLDN5, TEK, NOS3 and DLL4) by qPCR in LECs 24 h, 48 h and 72 h after infection with Ad-HOXD10 and Ad-shHOXD10, respectively. Expression of the permeability-associated genes CDH5, CLDN5 and TEK was strongly reduced in LECs overexpressing HOXD10 24 h after infection, and remained repressed to variable extents up to 72 h after infection (Fig. 7A-C) . NOS3, which promotes endothelial permeability, was not significantly induced at the earliest timepoint, but expression increased over time and reached a twofold increase at 72 h after infection (Fig. 7D) . Expression of DLL4, a gene involved in endothelial sprouting and tubular morphogenesis, was decreased by HOXD10 expression (Fig. 7E) . Given that VE-cadherin, the protein encoded by CDH5, is an important component of endothelial junctions and is needed for junctional integrity, we investigated whether the HOXD10-mediated repression of CDH5 would also result in a reduction at the protein level. Staining of LEC monolayers indeed demonstrated that VE-cadherin was largely absent from endothelial junctions in HOXD10-overexpressing cells, whereas overall cellular density was not affected (Fig. 7F) . In addition, total cellular VE-cadherin protein levels were significantly reduced, as demonstrated by western blotting (Fig. 7G,H) . Apart from a small reduction of DLL4 and CDH5 mRNA (but not protein) levels at the 72 h timepoint, possibly due to the increased viability and, thus, faster monolayer formation, knockdown of HOXD10 had no major effects on the expression of CLDN5, TEK and NOS3, and did not affect junctional integrity, as expected ( Fig. S4A-H) . These data suggest that HOXD10 regulates expression of several genes known to be involved in key aspects of (lymphatic) endothelial biology, and thereby controls lymphangiogenesis and lymphatic permeability.
DISCUSSION
The VEGF-C-VEGFR-3 signaling axis likely represents the most prominent pathway driving lymphangiogenesis, both during development and in pathologic conditions. Activation of VEGFR-3 by VEGF-C leads to receptor dimerization and phosphorylation at several tyrosine residues (Salameh et al., 2005) , which then activate downstream kinases, including MAPKs, PI3K and PKC, which ultimately induce proliferation, migration and sprouting of lymphatic endothelial cells (Koch et al., 2011) . However, despite the central importance of this pathway, it is currently not completely understood how its activation is translated into a transcriptional response. Recently, using CAGE RNA sequencing of LECs stimulated with the VEGFR-3-specific ligand VEGF-C156S (Joukov et al., 1998) , we have described a wave of immediate early transcription factors, which are upregulated at the mRNA level within minutes to a few hours after stimulation (Dieterich et al., 2015) . Apart from many well-known immediate early transcription factors induced by MAPK signaling in various cell types (e.g. FOS, ATF3 and EGR proteins), we also identified a transcription factor whose induction and activation was rather specific for LECs, namely MAFB. Together, these immediate early transcription factors are thought to be responsible for the subsequent changes in cellular behavior, such as growth and proliferation, by the induction of further downstream target genes. But how is the transcriptional induction of these immediate early transcription factors regulated? It is conceivable that this requires yet another class of transcription factors, which we call here 'front line' transcription factors. These transcription factors must already be present in unstimulated cells, as they are activated very rapidly in case of an appropriate stimulus, and independently of de novo gene expression. Furthermore, their activation is transient, meaning that the transcription factors either get 'consumed' (i.e. degraded) or otherwise shut off after induction of their immediate early targets.
Here, we identified and characterized HOXD10 as one such front line transcription factor in lymphatic endothelial cells stimulated with VEGF-C156S. Combining gene expression data and transcription factor activity prediction based on the presence of known TFBS in the promoters of differentially expressed genes, we found that HOXD10 is not induced by VEGFR-3 stimulation on the mRNA level, but is activated as early as 15 min after the stimulus. The mechanism by which activated VEGFR-3 triggers HOXD10 activity is entirely unknown, but it has been reported that the transcription factors of the HOX cluster 10, to which HOXD10 belongs, contain several putative tyrosine phosphorylation sites in the homeodomain flanking regions (Guerreiro et al., 2012) . Thus, the trigger of HOXD10 activity downstream of VEGFR-3 stimulation might well be a phosphorylation event. Furthermore, consistent with the model of a front line transcription factor described above, the HOXD10 protein was present and fairly stable in unstimulated cells, even after knockdown of HOXD10 mRNA. Reductions at the protein level could only be observed after stimulation, indicating that activated HOXD10 is rapidly shut off by degradation.
Using oPOSSUM3, we found HOXD10-binding sites in the promoters of several genes upregulated in LECs by VEGF-C156S (Table S2) , including the immediate early transcription factors FOSB and NR4A1. HOXD10 overexpression indeed resulted in increased expression of all these transcription factors, but only the upregulation of NR4A1 induced by VEGF-C156S was dependent on HOXD10. This suggests that there is considerable redundancy among transcription factors regulating the immediate early response. A possible candidate to compensate for a lack of HOXD10 in LECs is HOXD8, which has previously been described to be a PROX1 target gene and to regulate ANGPT2 expression in LECs (Harada et al., 2009) . The DNA-consensus-binding motifs of HOXD10 (CAATAAA) and HOXD8 (TAATTAAT) are fairly similar, and we observed signs of HOXD8 activity in VEGF-C156S-stimulated LECs, although at much later time points than HOXD10 ( Fig. 1; Table S1 ). Although the expression level of HOXD8 was not affected by HOXD10 overexpression or knockdown (Fig. S4H,I ), double knockdown of HOXD10 and HOXD8 might have additional effects on immediate early transcription factor expression in VEGF-C-treated LECs.
HOXD10 knockdown and overexpression had various functional effects on LECs, the most striking of which was its impact on permeability. High HOXD10 expression resulted in abnormal junctions and increased permeability, whereas HOXD10 depletion resulted in reduced permeability through LEC monolayers. Currently, the role of VEGFR-3 signaling in regulating LEC permeability in vitro is not entirely clear, with some reports showing a reduction in transendothelial electric resistance of LECs after stimulation with VEGF-C (Breslin et al., 2007; Tacconi et al., 2015) , whereas others found no effect of VEGF-C156S on macromolecular permeability (Cromer et al., 2014) . Therefore, it is possible that wild-type VEGF-C induces permeability by activating VEGFR-2, whereas specific VEGFR-3 activation by VEGF-C156S has no such effects. By contrast, changes in electrical resistance and macromolecular permeability might reflect different cellular processes, which are only partially dependent on VEGFR-3. In our hands, wild-type VEGF-C did not alter macromolecular permeability in LECs (data not shown). Nevertheless, our data suggest that chronic overexpression (and thus, overactivation) of HOXD10, and also lack of HOXD10, do have a clear effect on LEC junctional integrity and permeability. In this context, it is interesting that NR4A1, the immediate early transcription factor dependent on HOXD10, has been found to regulate permeability in blood vascular endothelial cells, by reducing expression of VE-cadherin and claudin-5, and by inducing NOS3 (also known as e-NOS) (Hamers et al., 2014; Zhao et al., 2011) . In line with those findings, we found similar changes in gene expression in LECs overexpressing HOXD10, suggesting that HOXD10 could regulate LECs permeability through NR4A1. In conclusion, reduced or exaggerated HOXD10 activity in lymphatic vessels in vivo due to, for example, HOXD10-targeted therapy or therapeutic application of VEGF-C, might be a way to control lymphatic vascular permeability, and thereby, lymphatic fluid uptake and transport.
Another striking biologic effect of HOXD10 was its role in tubular morphogenesis, with LECs depleted of HOXD10 being unable to form any cord-like structures. Instead, these cells continued to grow as monolayers, implying that HOXD10 is required for the morphological changes LECs undergo while forming tube-like structures. Overexpression of HOXD10 resulted in the dysregulation of several genes previously implicated in (lymph-) angiogenesis and vascular morphogenesis, including DLL4 (Niessen et al., 2011; Zheng et al., 2011) , IL7 (Iolyeva et al., 2013) , AMOTL2 (Hultin et al., 2014) , ROBO4 (Yu et al., 2014) and PTPRB (also called VE-PTP) (Hayashi et al., 2013) , indicating that these genes are direct or indirect targets of HOXD10. In line with our hypothesis that HOXD10 is only required in acutely stimulated cells, we did not see any changes in the expression of these genes in unstimulated LECs after HOXD10 knockdown. However, it is conceivable that during collagen-induced tubular morphogenesis, lack of HOXD10 could result in aberrant expression of one or several of these genes, leading to the observed phenotype.
Interestingly, various HOX genes have been found to regulate cell adhesion and migration (reviewed in Taniguchi, 2014) . For example, in blood vessel endothelial cells, HOXB3 and HOXD3 have been reported to promote angiogenesis by altering adhesion molecule expression and tubular morphogenesis (Boudreau et al., 1997; Myers et al., 2000) . HOXD10, by contrast, has been found to exert anti-angiogenic activity, and inhibited migration and sprouting when overexpressed in venous endothelial cells (Myers et al., 2002) . In addition, both negative and positive roles for HOXD10 in (tumor) cell proliferation, migration, and invasiveness have been reported, depending on the specific cell line analyzed (Cho et al., 2008; Hakami et al., 2014; Sharpe et al., 2014; Yang et al., 2015; Zha et al., 2012) . Taken together, this indicates that HOXD10 exerts different functional roles in different cell types. Clearly, further studies will be needed to elucidate the mechanistic basis for this functional difference, to identify the putative upstream kinase and other interaction partners, and to characterize the role of HOXD10 in other cell types and other signal transduction pathways.
In conclusion, our study demonstrates that HOXD10, a transcription factor which is activated but not induced by VEGF-C-VEGFR-3 signaling, serves as a link between VEGFR-3 stimulation and the upregulation of immediate early transcription factors in LECs. Furthermore, our results implicate a role of HOXD10 in LEC permeability, migration and tubular morphogenesis. These results might help to better understand the dynamic responses of lymphatic vessels to physiological and pathological stimuli in vivo, and to design novel therapeutics for the modulation of lymphatic vessel growth and function.
MATERIALS AND METHODS
CAGE RNA sequencing of primary human lymphatic endothelial cells stimulated with VEGF-C156S
Generation and analysis of the CAGE RNA sequencing data set of primary human LECs has been described previously (Dieterich et al., 2015) . In brief, primary human dermal microvascular LECs from foreskin (Hirakawa et al., 2003) were serum-starved overnight in endothelial basal medium (EBM) supplemented with 0.2% bovine serum albumin (BSA), 2 mM L-glutamine and penicillin-streptomycin. Subsequently, cells were stimulated with recombinant human VEGF-C156S (1.5 µg/ml, kind gift of Kari Alitalo, Vihuri Research Center, Helsinki, Finland), and TRIzol lysates were collected at 16 different time points (0 min, 15 min, 30 min, 45 min, 60 min, 80 min, 100 min, 120 min, 150 min, 180 min, 210 min, 240 min, 300 min, 360 min, 420 min, 480 min), with non-stimulated cells serving as a control. RNA samples were sequenced according to the CAGE method at the RIKEN Institute, Yokohama, using the HeliScope CAGE protocol (Kanamori-Katayama et al., 2011; Shiraki et al., 2003) , and differential gene expression analysis was performed using edgeR (Robinson et al., 2010) . The entire gene expression data are available at http://fantom.gsc. riken.jp/5/datafiles/phase2.0/extra. oPOSSUM3 transcription factor activity analysis oPOSSUM3 (Kwon et al., 2012) was performed as described previously (Dieterich et al., 2015) . Using the TSS defined by CAGE sequencing, which are associated to known refSeq transcripts, we extracted differentially expressed refSeq transcripts using edgeR (P<0.01) at each timepoint t compared to timepoint t−1. Then, the oPOSSUM3 tool was applied to core promoter sequences (1500 bp upstream to 500 bp downstream of the TSS) of each transcript using transcription-factorbinding profiles from the JASPAR database ( jaspar.genereg.net) (Mathelier et al., 2014) . Transcription-factor-binding profiles were defined as significantly overrepresented if their corresponding Z-score was >mean+1.5 × s.d. Similarly, overrepresentation of promoters with at least one TFBS was considered significant if the corresponding Fisher score was >mean+1.5 × s.d. HOXD10 target genes predicted by this method are summarized in Table S2 .
Isolation of primary mouse endothelial cells
For isolation of primary mouse endothelial cells, ears of FVB mice were split, minced, and digested with collagenase IV (Life Technologies). Cells were depleted of erythrocytes using PharmLyse buffer (BD Bioscience), and stained with primary antibodies [rat anti-mouse-CD45 antibody conjugated to APC-Cy7 (BioLegend 103115, 1:200); rat anti-mouse-CD31 antibody conjugated to APC (BD 551262, 1:300); hamster anti-mouse-podoplanin antibody conjugated to PE (eBioscience 12-5381, 1:200)]. 7AAD was used for discrimination between living and dead cells. All animal experiments were performed according to approved guidelines.
cDNA synthesis and qPCR
RNA from cultured or FACS-sorted LECs and BECs was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. cDNA was generated from RNA samples using the high-capacity cDNA reverse transcriptase kit (Life Technologies). Gene expression was analyzed by SYBR-Green real-time PCR with the AB7900 HT Fast real-time PCR System (Life Technologies), using RPLP0 as internal housekeeping control to normalize the Ct values. The complete list of primer sequences is provided in Table S5 .
siRNA-mediated knockdown of PROX1
siRNA silencing of PROX1 in LECs was performed as previously described (Lee et al., 2009) . Sequences for PROX1 shRNAs were 5′-GCAAAGAU-GUUGAUCCUUCTT-3′ and 5′-GAAGGAUCAACAUCUUUGCTT-3′. Briefly, LECs were electroporated with shRNAs using the Nucleofactor II kit (Amaxa Biosystems). Four individual experiments were performed and the expression of PROX1 and HOXD10 was analyzed after 48 h by qPCR.
Knockdown and overexpression of HOXD10 in LECs in vitro
Knockdown and overexpression of HOXD10 was achieved using adenoviral vectors (Sirion Biotech) with either a pre-validated shRNA targeting HOXD10 under the U6 promoter (Ad-shHOXD10) or HOXD10 cDNA under control of the CMV promoter (Ad-HOXD10). A non-targeting shRNA construct (Ad-NT) and a CMV-GFP construct (Ad-GFP) served as controls. For transduction, subconfluent LECs were infected with adenovirus at a multiplicity of infection (MOI) of 25. Medium was replaced after 4 h.
CAGE RNA sequencing of HOXD10-depleted or -overexpressing LECs
LECs were infected with adenovirus, and RNA was extracted and subjected to CAGE RNA sequencing according to the nAnT-iCAGE protocol (Murata et al., 2014) . Differential expression was analyzed using DESeq2 (Love et al., 2014) . The results are summarized in Table S3 . Gene ontology (GO) analysis was performed using DAVID (https://david.ncifcrf.gov/home.jsp) (Huang et al., 2009a,b) , considering 'biologic process' terms only. Raw data can be downloaded at http://fantom.gsc.riken.jp/5/suppl/Klein_et_al_2015/ Immunofluorescence staining Cells were cultured on collagen-coated chamber slides for 72 h before fixing in 4% paraformaldehyde (PFA). Blocking and permeabilization was performed with PBS plus 0.3% Triton X-100, 5% donkey serum, 0.2% BSA and 0.05% NaN 3 for 30 min before staining with a goat anti-VEcadherin antibody (sc-6458, Santa Cruz Biotechnology, 1:200) for 1 h at room temperature. Cells were washed in PBS and incubated with an AlexaFluor-594-conjugated donkey anti-goat-IgG antibody (1:200, Life Technologies) for 30 min, followed by nuclear staining with Hoechst 33342 (2 µg/ml). Images were taken with an LSM800 confocal microscope (Zeiss), using a 20× objective.
Western blot analyses
Protein was extracted from TRIzol lysates or directly from cells using a modified RIPA buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 5 mM EDTA, 1% Triton X-100, complete protease inhibitors (Roche)]. Proteins were separated by SDS-PAGE on 10% polyacrylamide gels and transferred onto PVDF membranes (Immobilon-P, Millipore). The membrane was blocked and incubated with primary antibodies [rabbit anti-HOXD10 (sc-66926, Santa Cruz Biotechnology, 1:200), goat anti-VEcadherin (AF938, R&D Systems, 1:1000), rabbit anti-β-actin (ab8227, Abcam, 1:1000), mouse anti-β-catenin (MAB2081, Chemicon, 1:1000) and mouse anti-β-tubulin (T9026, Sigma-Aldrich, 1:500)] in 5% milk in TBS plus 0.1% Tween 20, followed by washes and incubation with secondary antibodies [donkey anti-rabbit-IgG (NA9340V, GE Healthcare, 1:10,000), sheep anti-mouse-IgG (GE-Healthcare NA931V, 1:10,000) and donkey anti-goat-IgG (ABIN101172, antibodies online, 1:10,000)] conjugated to horseradish peroxidase (HRP). Signal was developed with ECL Prime (GE Healthcare) or Pierce ECL substrate (Thermo Scientific). Signal density analysis on scanned films was performed using ImageJ.
Cell proliferation, viability, migration and tube formation assays For proliferation assays, 2500 LECs per well were seeded on collagencoated 96-well plates. Cells were incubated over night in EBM containing 1% fetal bovine serum (FBS) before 20 ng/ml VEGF-A, 200 ng/ml VEGF-C156S or 200 ng/ml recombinant VEGF-C (kind gift of Kari Alitalo) were added. After 72 h, cell proliferation was analyzed by adding 100 µg/ml 4-methylumbelliferyl heptanoate (MUH, Sigma-Aldrich) in PBS as previously described (Stadler et al., 1989) . Fluorescence (corresponding to the proliferation rate) was measured on a SpectraMax Reader (Molecular Devices) at 355 nm excitation and 460 nm emission. Quintuplicates were analyzed for each condition.
To measure LEC viability, 100,000 cells were seeded on collagen-coated six-well plates. Cells were infected with adenovirus as described above, and starved overnight in EBM plus 1% FBS, before incubation with VEGF-A, VEGF-C and VEGF-C156S. The ratio of viable to dead cells was assessed 72 h later by manual counting in a Neubauer counting chamber, using the Trypan Blue exclusion test.
For haptotatic transwell migration assays, LECs were starved overnight in EBM supplemented with 0.2% BSA, 2 mM L-glutamine and penicillinstreptomycin. 30,000-40,000 cells were seeded in starvation medium on transwells (8-µm pore size, Costar) coated on the bottom side with type I collagen (50 µg/ml) (Shin et al., 2006) . After 4 h, non-migrated cells were removed with cotton swaps from the upper side of the transwell. Migrated cells were visualized with Hoechst 33342 (Life Technologies). Five pictures were taken from each membrane with an Axiovert 200M Zeiss microscope at 5× magnification and the cell numbers were determined with ImageJ (NIH). Each condition was analyzed in triplicates.
Tubular morphogenesis assays were performed essentially as described previously (Cueni and Detmar, 2009 ). In brief, LECs were seeded on collagen-coated 24-well plates (8×10 4 /well) and grown to confluency. Cells were incubated for 8 h in EBM plus 5% FBS and subsequently overlaid with 500 µl of a collagen hydrogel (1 mg/ml). Endothelial-cord-like structures were imaged 16 h later using an inverted microscope (Zeiss) and analyzed using ImageJ.
In vitro permeability assays
For macromolecular permeability measurements, LECs were seeded on collagen-coated 0.4 µm transwell inserts and cultured in complete medium for 48 h to form monolayers. Cells were serum-starved overnight in EBM plus 1% FBS before addition of 70-kDa FITC-Dextran to the inner well (final concentration 2.5 mg/ml). Samples of the lower well were analyzed on a SpectraMax Reader (Molecular Devices) in triplicates at the indicated time points. To determine trans-endothelial resistance, 8×10
4 LECs were seeded on collagen-coated 8W1E gold electrode slides (ibidi) in triplicates. Resistance was measured using the ECIS system (Applied Biophysics) over a period of 48 h.
Statistical analyses
Experiments were performed at least three times, if not stated differently. Statistical analysis was performed with GraphPad Prism software. If not stated differently, Student's t-test as used to compare selected groups. In case of significantly different variances between groups, Welsh's correction was used. Differences with P<0.05 were considered statistically significant.
